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Abstract: We present an extension for the 2D (zonal mean) version of our Numerical Spectral

Mode (NSM) that incorporates Hines' Doppler spread parameterization (DSP) for small scale

gravity waves (GW). This model is applied to describe the seasonal variations and the semi-

annual and quasi-biennial oscillations (SAO and QBO). Our earlier model reproduced the salient

features of the mean zonal circulation in the middle atmosphere, including the QBO extension

into the upper mesosphere inferred from UARS measurements. In the present model we

incorporate also tropospheric heating to reproduce the upwelling at equatorial latitudes
associated with the Brewer-Dobson circulation that affects significantly the dynamics of the

stratosphere as Dunkerton had pointed out. Upward vertical winds increase the period of the

QBO observed from the ground. To compensate for that, one needs to increase the eddy

diffusivity and the GW momentum flux, bringing the latter closer to values recommended in the

DSP. The QBO period in the model is 30 months (mo), which is conducive to synchronize this

oscillation with the seasonal cycle of solar forcing. Multi-year interannual oscillations are

generated through wave filtering by the solar driven annual oscillation in the zonal circulation.

Quadratic non-linearities generate interseasonal variations to produce a complicated pattern of

variability associated with the QBO. The computed temperature amplitudes for the SAO and

QBO are in substantial agreement with observations at equatorial and extratropical latitudes. At

high latitudes, however, the observed QBO amplitudes are significantly larger, which may be a

signature of propagating planetary waves not included in the present model. The assumption of

hydrostatic equilibrium not being imposed, we find that the effects from the vertical Coriolis

force associated with the equatorial oscillations are large for the vertical winds and significant

for the temperature variations even outside the tropics but are relatively small for the zonal

winds.

1. Introduction

The mean zonal circulation of the middle atmosphere near the equator is dominated by the

semi-annual oscillation (SAO) with a period of 6 months (mo) related to the seasonal variations

in solar heating (e.g., Hirota, 1980) and by the Quasi-biennial oscillation (QBO) with periods

around 28 mo (e.g., Reed, 1965). The SAO peaks in the upper stratosphere near 50 km with



windsof about30m/s,eastwardduringequinoxandwestwardduringsolstice. In theupper
mesospherenear80km, asecondpeakisobservedwith comparablemagnitudeandopposite
phase.TheQBO isobservedin the lowerstratospherearound30 km with amplitudescloseto 20
m/s. Suchoscillations+in oppositephase,havebeenobservedalsoin theuppermesosphere
(Burrageetal., 1996)with theHRDI instrumentonUARS(Haysetal., 1994).

LindzenandHolton(1968)andHoltonandLindzen(1972)establishedtheprinciple that
wavemeanflow interactionscangenerateaQBOwithout externaltimedependentforcing. They
invokedasteadysourceof equatoriallytrappedplanetarywaves(i.e., eastwardpropagating
Kelvin wavesandwestwardpropagatingRossbygravity wave)to providethewaveforcing
throughcritical levelabsorptionandradiativedamping. Plumb(1977)andPlumbandBell
(1982) furtherelucidatedthepropertiesof this mechanism.

In principal,thesolardrivenmeridionalcirculationcangeneratesemi-annualvariationsin
thestratosphere.Westwardmomentumadvectedfrom thesummerto thewinter hemisphere
produceswestwardwindsat equatoriallatitudesduringsolstice,which isqualitatively consistent
with theobservedSAO. The smallmagnitudeof theSAOthusgeneratedandits latitudinal
extent,however,arenot in agreementwith observations(Meyer,1970). Thetheoryof Lindzen
andHolton hasthereforebeenextendedto explainalsotheSAOwith planetarywaves(e.g.,
Dunkerton,1979;Holton andWehrbein,1980;MahlmanandUmscheid,1984;Hamilton, 1986).

Theplanetarywavespostulatedto drivetheequatorialoscillationsin thestratosphereare
largelydissipatedthereandcannotaffectsignificantlythedynamicsof theuppermesosphere.
Lindzen(1981)hadshownthat in thisregionof theatmosphere,at higheraltitudes,small scale
gravitywaves(GW) cancausetheseasonalvariationsof thezonalcirculationto reverse,and
Dunkerton(1982a)proposedthis mechanismto explaintheobservedreversalof the SAOabove
70km.

During thelastdecade,therole attributedto GW in themiddleatmospherehasbecome
increasinglymoreimportantrelativeto planetarywaves. Fromamodelingstudy,Hitchmanand
Leovy (1988)concludedthatobservedKelvin wavescanaccountfor only 20%-70%of the
stratosphericSAOandthat GW arelikely to be importanttoo,"with Kelvin wavesdecreasing
andgravitywavesincreasingin relativeinfluencegoingupwardinto themesosphere".With a
generalcirculationmodel (GCM) thatresolvesplanetarywavesbutnotGW, Hamilton et al.
(1995)showedthattheobservedeastwardphaseof thestratosphericSAOcannotbesimulated
andthattheamplitudeof theQBO is anorderof magnitudesmallerthanobserved,suggesting
againthatGW areplaying a moreprominentrole.

Small-scalegravitywaves(GW)cannotberesolvedpresentlywith global-scalemodels,and
parameterizationis requiredto makeprogress.Lindzen(1981)wasthefirst to developa
parameterizationfor GW breakinginanattemptto understandthedynamicsof the upper
mesosphere,which is characterizedby anomaloustemperatures(lower in summerthan in winter)
andaconcomitantreversalin thezonalcirculation. In Lindzen'sformulation,afew discrete,
independentwavesareassumedto becomeindividually unstableanddepositmomentumin the
backgroundflow. Thisprocesshasbeenstudiedextensively(e.g.,Weinstock,1982;Schoeberl
et al., 1983;SchoeberlandStrobel,1984:Dunkerton,1982b,c, 1985:Fritts, 1984,1989;Fritts
andDunkerton,1985;Schoeberl,1988),andanumberof models(e.g.,Holton 1982;Garciaand
Solomon+1985;Gaertneret al., 1983:Geller 1984)demonstratedthatit candescribethe
observedanomaliesin the mesosphere.

FollowingLindzen(1981),theparameterizationof GW interactingwith thebackgroundflow
hasbeenthesubjectof numerousstudies(e.g.,Dunkerton,1982b:McFarlane,1987;Fritts and



Lu, 1993;MedvedevandKlaasen,1995;Hines,1995a,b). TheDopplerSpread
Parameterization(DSP)of Hines( 1995a,b), whosetheoreticalfoundationhasbeendevelopedin
aseriesof papers(Hines 1991a,b; 1993),dealswith a spectrumof wavesandaccountsboth for
wave-waveandwave-mean-flowinteractions.WehaveincorporatedtheDSPinto ournumerical
spectralmodel(NSM), introducedby Chanet al. (1994a,b), andreproducedthesalientfeatures
of theobservedQBO andSAO(Mengeletal., 1995;Mayret al., 1997,1998)including their
extensionsinto theuppermesosphere.

Theimpetusfor thepresentstudyhasbeenapaperby Dunkerton(1997),wherehe
emphasizestheimportanceof verticalwindsfor theQBO. Verticalwindsthatarepartof the
Brewer-Dobsoncirculation(Brewer, 1949;Dobson,1956)arecomparablein magnitudebut
oppositeto thedownwardpropagationvelocity of theQBO(Dunkerton,1978,1985). In the
presenceof suchwinds,thedynamicalforcing requiredto generatetheobservedQBO then
needsto bemuchlarger(GrayandPile, 1989;Dunkerton,1985;KinnersleyandPawson,1995).

We presentherea revised2Drevisionof ourNSM thatdescribestheSAOandQBO under
the influenceof troposphericheating,whichcontributessignificantlyto generaterealisticvertical
winds in theoverlayingstratosphere.In section2 wepresentthemodel. In section3 wediscuss
resultsthatdescribe:(a) theevolutionof themodel,(b) thepropertiesof QBO relatedinterannual
andinterseasonalvariations,(c) theextensionof theQBOandSAOto mid andhighlatitudes,(d)
therole playedby theverticalCoriolis forcethatbecomesimportantat equatoriallatitudes. In
Section4, we discussandqualify theresultsandsummarizeourconclusions.

2. Model

The numerical design our Numerical Spectral Model (NSM) has been discussed by Chan et

al. (1994) and its recent application to the middle atmosphere and lower thermosphere by Mayr

et al. (1997a; 1998). In the following we summarize the features of the NSM that are relevant to

the work presented here.

The NSM is time dependent, generally 3D and fully non-linear. The spectral formulation of

the NSM has the advantage of being computationally efficient for low zonal wave numbers,

which applies obviously to the 2D version of the model but to the 3D version as well that

describes tides and large-scale planetary waves having low zonal wavenumbers. The NSM is

well suited to study the dynamical components individually and interacting to provide insight.

The NSM is simplified in that perturbation theory is applied to compute the wind fields and the

temperature and density perturbations of an adopted globally averaged background atmosphere.

The design of the model has several advantages that serve its application with emphasis on

dynamics: (i) With the relative temperature perturbations being generally less than 10%, the

radiative energy loss from the atmosphere below 120 km can be formulated in terms of

Newtonian cooling that reduces the computational effort significantly. (ii) The NSM is applied

efficiently to an atmosphere that extends from the Earth's surface to the top of the thermosphere

at 400 km. Well-defined physical boundary conditions then apply, i.e., vanishing vertical and

horizontal winds at the ground and vanishing vertical gradients of temperature and horizontal

winds at the upper boundary. This assures that the transfer of energy and momentum is seamless

without introducing artificial momentum sources and wave reflections. (iii) In a unified

framework, the model enables us to assess the effects of regional energy and momentum sources

throughout the atmosphere.



To speedup thecomputation,theupperboundaryof theNSM in its present2D application
hasbeenmovedfrom 400 to 250km,which is well abovetheregionof primary interest.
NumericaltestsshowthattheGW interactionrequiressmallaltitudeandrelatedtime integration
steps,chosento betypically 0.35km and20minutesrespectively.Themaximummeridional
wavenumberfor thesphericalharmonicsretainedin themodelis l = 12, corresponding to a grid

point resolution of about 7.5 °, which is sufficient to describe the equatorial oscillations that are
confined within 150 of latitude.

In our earlier model, the zonally averaged component (zonal wavenumber m = 0) was driven

only by solar UV radiation absorbed in the stratosphere and mesosphere (Strobel, 1978) and by

EUV radiation absorbed in the thermosphere. In the troposphere below, radiative heating was

not accounted for. The troposphere was treated essentially as a large sponge layer that allowed

us to implement homogeneous boundary conditions at the Earth's surface. [In our 3D

applications of the NSM, however, tides and planetary waves were generated in the troposphere

(Mayr et al., 1998, 1999b).]

The model discussed in the present paper differs in that we make an attempt here to describe

the tropospheric circulation phenomenologically. The purpose of this modification is primarily

to generate more realistic values for the upward motions at low latitudes, which characterize the

Brewer-Dobson circulation in the stratosphere and affect significantly the QBO as Dunkerton

(1997, 1985) had pointed out.

Near the tropopause, the mean zonal winds outside the tropics exhibit eastward jets with peak

velocities close to 20 m/s. The winds vary with season but do not change direction from summer

to winter unlike those observed in the stratosphere. The time constants involved are sufficiently

long to dampen the seasonal cycle in the solar forcing. To drive this circulation, we adopt a

tropospheric heat source, largely balanced by radiative Newtonian cooling, that is assumed for

simplicity to be independent of season and peaks at 5 km altitude and at the equator (described

with the lowest order Legendre polynomial, P2). The magnitude of this source is chosen to

produce zonal winds near the tropopause that are comparable to those observed. More

importantly, this source also enhances significantly the vertical winds in the lower stratosphere to

produce realistic values close to 0.3 mm/s at 30 km.

We emphasize that our approach to model the rising motions in the stratosphere at low

latitudes is phenomenological in nature. Our simplified model of the troposphere does not

account for the myriad of complicated physical processes that do occur there such as convection

and release of latent energy, which would go far beyond the limited scope of our scientific

objective.

3. Results

Influence of Tropospheric Source

Inclusion of a tropospheric source as discussed above produces in the model the zonal

circulation near December solstice that is presented in Figure 1. In the stratosphere and lower

mesosphere it shows the familiar jets that are eastward in winter and westward in summer, and

the winds reverse direction above 70 km as observed. Distinct from our earlier model, Figure 1

now shows also eastward directed zonal jets near the tropopause at 15 km, which are caused by

the tropospheric heat source.



A moreimportantaspectof ourpresentmodelis thatthetroposphericsourcealsogenerates
upwardwindsat low latitudes,andtheir five-yearaverageispresentedin Figure2awith long
dashedlines. By comparisonwith asolutionwithout troposphericheating,shownin short
dashedlines,thevelocitiesarenowmuchlarger. At 30 km,wheretheQBOis observedwith a
downwardpropagationvelocity of about1.3km/mo(0.5mm/s),thetroposphericheating
contributesto upwardwindsof 0.2mm/sto yield atotalof about0.3mm/s. Thesevertical winds
causea Dopplershift to exceedinglylongperiods,which essentiallystopstheQBO asshownin
thefollowing.

To providecontinuity,wepresentfirst in Figure3aasimulationof theequatorialoscillations
in thezonalwindstakenfrom Mayret al. (1999a). It showsbelow40km aQBO with aperiod
of 30mo,amplitudescloseto 15m/sanda downwardpropagationvelocity of about1.2km/mo,
all in reasonableagreementwith observations.At higheraltitudesnear50km, theSAO is
apparentwith amplitudescloseto 25m/sandits phasereversesabove70km asobserved.
[WhentheSAOis removed,themodelalsorevealsasignificantQBO in theuppermesosphere,
which hasbeeninferredfrom UARS(Burrageet al., 1996).]

Forcomparison,we presentin Figure3b thecomputedoscillationsunderthe influenceof
theenhancedverticalwindsshownwith longdashedlines in Figure2. With thetime average
componentretained,thecomputedzonalwindsaredominatedby alternatingjets below40km.
Wind velocitiescloseto 15m/sdevelopbutdo notchangewith time,in contrastto Figure3a in
whichtheQBOdominates.Whenthetimeaveragecomponentisremoved,Figure3c revealsthe
SAObutnoQBO. As Dunkerton(1985,1997)pointedout, theQBOis suppressedby upward
windscommensuratewith theBrewer-Dobsoncirculation.

We knowfrom thework of PlumandBell (1986)andfrom ourown analysis(Mayr etal.,
1998a,b) thattheperiodandamplitudeof theQBO aresignificantly affectedby eddyviscosity,
which is derivedin theDSPbut is uncertain.To rescuetheQBOin thepresenceof vertical
windsthatDoppler-shiftits periodvirtually to infinity andpreventit frompropagating
downwards,themodelthusneedsto bemodifiedin two ways: (1) Theeddyviscosityneedsto
beenhanced,whichdecreasestheperiodandamplitude. (2) To compensatefor the decreasein
amplitude,theGW sourceneedsto beenhanced,whichmovesuscloserto themiddleof the
parameterrangerecommendedbytheDSP.

With Figure4, we thenpresentasolutionfor whichtheeddyviscosity,K, has been increased

by a factor of 2.5. The GW source, proportional to the characteristic horizontal wavenumber

(see Hines, 1997a, b), has been increased by a factor of 2 to yield k, = 1/50 (km") corresponding

to a horizontal wavelength of about 300 km. The period of the QBO generated in the model is

again 30 mo, as in Figure 3a without tropospheric heat source and with lower K and smaller GW

source (k,). The QBO amplitude now is somewhat larger, closer to the observations. In the

following we provide some analytical understanding of the relationship in which the GW source

and eddy viscosity determine the properties of the QBO.
The zonal momentum balance at the equator where the horizontal Coriolis force vanishes can

be written as

p j= a-T+ Ms
(1)



with standardnotationsfor massdensity,zonalwinds,timeaveragedverticalwinds,eddy'
viscosity,p, U, W, K, respectively. The equatorial oscillations are driven by the momentum

source, MS, for which we adopt the simplified analytical representation of the DSP given in

Mayr et al. (1998b)

MS=Ak, U -_J k--&z u Ozj (2)

where 0. is the GW induced wind variability that grows exponentially with scaleheight (h), A is

related to 0. at the initial height, and k, is the above-mentioned horizontal wavenumber that is

adjusted to vary the GW source.

We obtain a simplified solution of Eqs.(1) and (2) in the form U = Uexp(imt+ikz) with

frequency, co, and vertical wavenumber, k. Since the term with quadratic power in Eq.(2) is

positive definite and is to first order only a measure of amplitude, the real and imaginary parts

yield respectively

• for U > 0. (3)
k2K hU(U + 0-)2 ' hk 2

co -- Ak,
- + w - (4)
k (g+0-)2

and substituting Eq.(3) into Eq.(4) yields

CO --

-- + W = Kk2hU. (5)
k

As expected, we learn from Eq.(3) that the wind amplitude, U, should increase with

increasing k,, proportional to the GW source, and decrease with increasing K. In the regime of U

> o'that applies to the present condition, however, the amplitude varies only with 1/3 power.
The latter reflects the nonlinear nature of the GW interaction based on the DSP, which is

essential for generating the QBO and SAO in our model (Mayr et al., 1998a, b). From Eq.(5),

we learn that to first order the downward propagation velocity of the oscillation, c = ca/k, and the

related oscillation period, r = 21r/co, are related to W, K, and U.

Based on this heuristic analysis, we can readily understand the numerical results earlier

discussed. As Eq.(5) demonstrates, the increase in W generated by tropospheric heating requires

that K be increased in order to maintain reasonable values for the period and zonal wind

amplitude of the oscillation. The increase in K on the other hand requires that the GW source,

proportional to k,, also be increased in order to maintain the amplitude as Eq.(3) demonstrates.

Properties of Modeled QBO
The numerical model discussed here is highly idealized. The oscillations are generated by a

GW source that is time independent; and no account is taken of the Earth's topography, the

variability of the troposphere and interactions with the oceans. The QBO generated in our model



thus reveals persistent and distinct features that are well understood -- yet they are fairly

complicated as shown in the following. While the QBO in the real world will be different and

more variable, our model illustrates how complicated the oscillations can be even under

controlled conditions -- and this we hope may stimulate some observations.

The QBO's both in Figures 3a and 4, with and without tropospheric source, have in common

that the period is 30 too, which is also the period for one of the two models discussed by

Dunkerton (1997). A period of 30 mo (odd multiple of 6 mo) is exceptionally well suited for

synchronization by the seasonal cycle of the solar forcing.

During solstice conditions, the solar driven meridional circulation advects from the summer

hemisphere negative (westward) momentum across the equator. The westward zonal winds thus

generated near the equator absorb upward propagating GW, which in turn amplifies the winds.

The seasonal cycle in the solar forcing thereby acts as the seed to synchronize the SAO and

determine its periodicity. In the same vane, the seasonal cycle and the SAO can act a pacemaker

to synchronize the QBO. This is illustrated with Figure 5 (modified version of a figure shown in

Mayr et al., 1999a), which reveals the phase relationship between the SAO and QBO based on

our numerical results. For the 30-too QBO, the SAO reinforces in this form both the positive

and negative phase of the QBO; while for the 24-mo QBO, the SAO would alternately reinforce

and counteract the QBO. Other QBO periods, unrelated to the seasonal cycle, would obviously

be even less conducive to synchronization by the solar cycle.

As seen from the discussion in the preceding sections, the QBO period is determined by a

number of parameters that are not well known. By carefully tuning the model, we can therefore

generate, and have generated, periods that span a considerable range, including 24 mo, 18 mo,

and odd periods like 33 mo. Consistent with the explanation put forward in Figure 5, however,

we find that a QBO period of 30 mo is generated more readily, and we shall discuss here some of

the properties of this oscillation.

With Figure 6 we present at 11 ° latitude, removed from the equator, the 364 day (yearly)

running average for the computed zonal winds, revealing the QBO and its extension into the

upper mesosphere. In addition to the 30-mo QBO, this figure reveals also a periodicity of 60 mo,

which is seen in the eastward winds that originate at 100 km in years 3 and 8, and extend down

to 30 km in years 5 and 10. Repeatable features in adjacent westward winds support this

periodicity.

In our model, a periodicity of 60 mo can be readily understood. It is the result of GW

filtering involving the QBO and the Annual Oscillation (AO). Waves propagating up through

the nodes of the QBO are less attenuated and are therefore more effective in amplifying the AO.

The condition for this amplification is determined by Nr / 2 = nl 2, where N and n are integers,

so that the resulting beat period is rn = Nr / 2 = 60 too. Unlike the QBO that is to first order

hemispherically symmetric, the 60-mo oscillation is asymmetric with respect to the equator since

the asymmetric AO is involved. [Correspondingly, GW filtering by the QBO has been shown to

modulate the SAO with a beat period of 30 mo (Mayr et al., 1999a).]

Although the filter applied to produce Figure 6 is crude, it reveals a complicated pattern of

variability that cannot be understood solely in terms of the 30 and 60 mo periodicities.

Nonlinear processes that involve the QBO, AO, and SAO further complicate the picture. To

reveal this complexity and provide understanding, we show with Figure 7 the Fourier amplitudes

for the zonal winds at 11° latitude taken from a computer run that covers 15 years. In addition to

the entire spectrum, the symmetric and asymmetric components are presented separately. The

spectra reveal the dominant periods of 12 and 6 mo for the AO and SAO respectively that are



drivenbytheseasonalcycle in solarheating.Theasymmetriccomponentwith a periodof 4 mo
is dueto thequadraticnon-linearitiesinvolving theAO andSAO.

Apart fromtheperiods12,6, and4,onecanreadily showthatvirtually all tile otherperiods
in Figure7 arerelatedto theQBO witha periodoF30 too. As discussedearlier,GW filtering
involving theAO causesthe60mooscillation,andall theotherperiodscanbe tracedto
quadraticnonlinearinteractionsinvolvingthelongperiod60mooscillation,theQBO, AO, and
SAO. Forexample,theasymmetric20mo oscillationcanbeexplainedwith interactions
betweenQBOandAO, whichproducealsoa periodof about8.6;andthesymmetric15mo
oscillationcanbeexplainedwith "quadratic"QBO interactions.

Beingablethusto identify andexplaintheperiodicitiesin Figure7, wecansynthesizethe
oscillationsthatarerelatedto theQBO,andFigure8 showstheresultat 11olatitudefor periods
greaterthen6 mo. While the30moQBOperiodclearlydominatesbelow30km, interseasonal
andotherinterannualvariationsbecomeincreasinglymoreimportantathigheraltitudes. Our
resultsillustratethatthecombinedpictureof theQBO relatedoscillationscouldbeextremely
complicated.And for the idealizedmodelpresentedhere,wedounderstandhow this
complicationcandevelop. Therealworld is likely to beevenmorecomplicatedandmuchmore
difficult to understand.

Latitudinal Extensions of QBO and SAO
Our 2D model describes the wave-induced oscillation in the zonal wind field that is confined

largely to the equatorial region where the horizontal Coriolis force is weak. To first order, the

QBO can be understood from the zonal momentum budget at the equator (Lindzen and Holton,

1968). In reality, however, the meridional circulation redistributes energy and momentum,

which affects the QBO and SAO (Lindzen and Holton, 1968; Holton and Lindzen, 1972; Plumb,

1977; Plumb and Bell, 1982; Dunkerton, 1985, 1997). The meridional circulation also controls

the latitudinal extensions of the QBO and SAO in our model that are discussed here.

In Figure 9 we show a snapshot for the computed zonal wind oscillations with periods 6 mo

and 30 mo, representing the SAO and QBO respectively on January 1 near solstice. As

discussed earlier, during this season, the meridional circulation advects westward winds

(negative velocities) from the summer hemisphere across the equator into the winter hemisphere,

and thus provides the seed and pacemaker for GW to generate the SAO (Figure 9a). At altitudes
around 55 km the zonal winds for the SAO are therefore westward but reverse direction above 70

km due to GW filtering (Dunkerton, 1980). The SAO is largely confined to equatorial latitudes,

where the amplitudes exceed 30 m/s comparable to those observed. The QBO in Figure 9b is

shown during a year where this oscillation tends to be in phase with the SAO, and the same

pattern repeats 6 mo later (not shown). The winds for both QBO and SAO are in the opposite

directions after 15 mo (not shown). As illustrated with Figure 5, this phase relationship allows

the SAO to be the pacemaker for the QBO, to synchronize it with the seasonal cycle and thus

influence and determine its periodicity.
Unlike the zonal winds in the SAO and QBO that are largely confined to equatorial latitudes

where the horizontal Coriolis force is weak, the associated temperature variations are just as

large or larger at mid and high latitudes. This is shown with Figure 10. where we present

snapshots for the temperature perturbations in the SAO and QBO. At equatorial latitudes, the

computed positive and negative zonal winds in Figure 9 tend to correspond respectively to

positive and negative temperature perturbations in Figure 10, which is expected from the quasi

geostrophic momentum balance. The latitudinal extensions of the temperature variations,

however, are the signatures of large-scale meridional winds driven by (or associated with) the



wavegeneratedzonalwindsof theQBOandSAOat equatoriallatitudes.Themeridionalwinds
essentiallyredistributeenergybetweenhighandlow latitudes,andtheresultingadiabaticheating
andcoolingproducesthepressurevariationsthatsatisfythemeridionalmomentumbalance.The
computedtemperatureperturbationsareaslargeas4K for theSAOand1.5Kfor the QBO.

To illustratethevariability that arisesin thetemperaturefield, weshowin Figure11 for 48°
latitudeasynthesisof theperiodsabove6 mothatareassociatedwith theQBO. As in Figure 8,
thecomputedinterannualandinterseasonalvariationsarelargeandproduce a complicated

pattern that can be understood in terms of GW filtering and non-linear interactions. The QBO

like temperature perturbations are propagating down below 50 km. Above that height, however,

the asymmetric 5-year oscillation appears to be propagating upward, which must be related to the
AO but is not understood in detail.

Vertical Coriolis Force

The assumption of hydrostatic equilibrium is not imposed in the formulation of our model.

Vertical accelerations associated with inertia, advection and Coriolis force are accounted for.

Unlike the horizontal component of the Coriolis force, its vertical component does not vanish at

the equator but peaks there. So it is at least of academic interest to determine how this force

affects the QBO and SAO that are generated in the equatorial region. To address this question,

we turned off the vertical Coriolis force and conducted a control experiment with identical initial

condition and integration length to provide a comparison with the standard model.

The results of this comparison reveal that the effects from the vertical Coriolis force are

generally small for the zonal winds in the QBO and SAO. But the effects are not negligible for

the associated temperature variations even outside the tropics, and the effects are large for the

vertical winds that are affected more directly by this acceleration.

In Figure 12 we show the monthly average of the computed vertical winds taken as the

average at _+4° latitude for model runs with (a) and without (b) the vertical Coriolis force.

Although there are some similarities in the overall pattern, the differences are large.

The vertical winds thus generated by the Coriolis force contribute to the meridional

circulation that redistributes energy, mass, and momentum globally. This affects the temperature

variations not only at the equator but also at mid and high latitudes as shown in Figure 13 where

we compare at +48 ° latitude solutions with and without the vertical Coriolis force. The overall

patterns are similar, but there are differences in detail and they are not small.

4. Discussion and Summary

As pointed out by Dunkerton (1997), our model results show that the vertical winds

generated in the troposphere require a larger GW source (closer to values recommended by the

DSP) to reproduce a QBO with acceptable amplitude and period. Along with the increase in

source, the eddy viscosity also had to be enhanced as a simplified heuristic analysis of the

momentum budget can explain. The increase in eddy viscosity appears to be consistent with the

model of Dunkertoia (1997) that requires values 2-3 times larger than those employed by Holton

and Lindzen (1972).

The vertical winds associated with tropospheric heating are to a large extent driven by the
GW that are released in the model at the Earth's surface. When the wave interaction is

suppressed below 15 km, the vertical winds produced are too small. This role attributed to GW

is an artithct of the model, since in reality the waves are believed to be generated near the



tropopause,andtheDSPismeantto applyonly to themiddleatmosphere(Hines, 1997a,b). In
this2D versionof our model,GW areeffectivelytakingtheplaceof planetarywavesthat
propagatethroughthetroposphereandinteractwith thebackgroundwindsin theregion.

A relatedotherartithctof themodelis thattheadoptededdyviscosity,K, is tied to the GW

dissipation throughout the atmosphere. This implies that K continues to decrease exponentially

all the way down to the surface, which is unrealistic considering that the troposphere is

controlled by convection and a host of other processes that are not accounted for. Effectively our

model thus underestimates the eddy dissipation in the troposphere.

The computed QBO in our model extends down into the troposphere, which is contrary to

observations (e.g., Andrews et al., 1987). A number of reasons may account for that such as the

adopted wave forcing and small eddy viscosity. But the dominant factor may be that our model

does not produce large enough vertical winds below the tropopause, which are generated

presumably by convection. While the dynamics adopted in the present model for the troposphere

is artificial, it serves the purpose to generate in the equatorial stratosphere the vertical winds that

are part of the Brewer-Dobson circulation and as such affect the QBO significantly (Dunkerton,

1997).

The period of the QBO presented here is close to 30 mo, and the argument is compelling as

Figure 5 illustrates that such a periodicity is well suited to synchronize the QBO with the

seasonal cycle of solar forcing. Dunkerton (1997) also presented a QBO with such a period, in

addition to 24 mo, and is pointing out that small changes in the wave forcing were shifting the

period from one to the other. In our present model it is not that easy to shift the period away
from 30 too. The reason for this is that 30 mo in our case also happens to be the "eigenperiod"

that is generated in the absence of seasonal variations in the solar heating, and this is purely

coincidental. A small increase in eddy viscosity would decrease this eigenperiod to bring it

closer to 24 too, and we believe that the seasonal cycle may then act as a pacemaker to pull the

oscillation either to 24 or 30 mo as discussed by Dunkerton (1997).

With a QBO of 30 mo, wave filtering modulates the SAO with the same period (Mayr et al.,

1999a). As discussed in the present paper, wave filtering also modulates the AO with a period of

60 mo, and this oscillation is hemispherically asymmetric. The picture that emerges thus reveals

a large degree of variability. While the yearly averages of the computed zonal winds are

typically about 10 m/s at 11 o latitude (Figure 6), the QBO related winds vary considerably and

can exceed 30 m/s as shown in Figure 8. Some of this variability is caused by non-linearities

involving the SAO that peaks near 55 km with an amplitude of 35 m/s (Figure 9a) and is

somewhat larger than observed (Angell and Korshover, 1970; Hirota, 1980). [Earlier results

have shown, however, that the SAO is reduced in a 3D version of the model where tides and

planetary waves absorb some of the GW that in 2D would go into generating the equatorial

oscillations (Mayr et al., 1999a).]

The extension of the QBO into the upper mesosphere as shown in our model (Figure 6) has

been observed on UARS (Burrage et al., 1995). As is the case for the SAO, the phase of the

QBO reverses at altitudes around 70 kin. At altitudes around 60 km in year 4, the eastward

winds in the QBO absorb preferentially the waves propagating to the east. The surplus of

westward propagating waves then causes the westward phase of the QBO at altitudes around 90

km. As shown in Figure 6, a similar kind of process appears to be active at altitudes around 45

km where the QBO phase tends to reverse. The QBO is observed to peak at altitudes near 30 km

(e.g., Reed, 1965: Angell and Korshover, 1965), and these early observations indicated that the

oscillation then increases above the stratopause. Angell and Korshover (1970) also reported that
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theQBOat 50and60 km arealmostout of phase,which is qualitativelyconsistentwith our
modelresults.

Thecomputedzonalwindsof theSAOin Figure9aareconsistentwith theobservationsof
Angell andKorshover(1970)thatshowthewindsoutsidethetropicsbeingrelativelysmall and
havinga phasevirtually independentof latitude. In contrastto theobservationsof Angell and
Korshover(1970),however,theQBOwindsin ourmodel(Figure9b)arecloseto zerooutside
thetropics. Polewardpropagatingplanetarywavesthatarefilteredby thezonalcirculationof
theQBOmaycarry that signatureto higherlatitudes(R. A. Plum,privatecommunication)-- a
processthatis notaccountedfor in thepresentmodel.

Theobservedtemperaturevariationsfor theSAO(Angell andKorshover,1970)showthe
largestamplitudes(closeto 4K) at high latitudes,which is in substantialagreementwith our
results(Figure10a).For theQBO(Figure 10b),thecomputedtemperatureamplitudesalsoagree
with observationsat equatorialandmid latitudesbutaresignificantlysmallerat high latitudes
(Angell andKorshover,1970),which indicatesagainthatpolewardpropagatingplanetarywaves,
notaccountedfor in thepresentmodel,arelikely to be important.

Theconclusionsaresummarized:
1.) The2D versionof ourNumericalSpectralModelhasbeenextendedto incorporate

troposphericheatingwith theaim to reproducetheupwellingat equatoriallatitudesthat
characterizestheBrewer-Dobsoncirculationin the lowerstratosphere.As pointedout by
Dunkerton(1997,1985),theupwardverticalwindsthusgeneratedarecomparableto the
downwardpropagationvelocity of theQBOandchangesignificantlythedynamics. To generate
arealisticQBOin thepresentmodel,theeddydiffusivity hadto beenhancedby morethana
factorof two. And to compensatefor that,theGW sourcehadto be increasedby afactor of two,
movingthecharacteristichorizontalwavelengthcloserto themiddleof therangerecommended
by theDSP.

2.) TheQBOperiodgeneratedin ourmodelis closeto 30mo, which is well suitedfor
synchronizingthis oscillationwith theseasonalcycleof solarforcing.

3). Gravity wavefiltering by theQBOproducesalargemodulationof the SAOamplitude
havingaperiodof 2.5 years,thatof theQBO. Suchfiltering alsomodulatestheAO to producea
significant5-yearperiodicity thatis hemisphericallyasymmetric.

4.) Originatingfrom theQBO,GW filtering andthequadraticnon-linearitiesin themodel
generatevariationswith interannualandinterseasonaltime scalesthatbecomeincreasinglymore
importantin themesosphereathigheraltitudes.

5.) FortheSAO,thecomputedamplitudesof zonalwindsandtemperaturevariationsat the
equatorandoutsidethetropicsarecomparableto thoseobserved.

6.)Themodelreproducesfor theQBOtheobservedzonalwindsandtemperature
perturbationsatequatoriallatitudes. Comparedwith observations,thecomputedzonalwinds in
theQBOarecloseto zerooutsidethetropics;andat high latitudes,themodeledtemperature
variationsarealsosmaller. This indicatesthatpolewardpropagatingplanetarywaves,not
accountedfor in thepresent2D model,arelikely to be important.

7.)Our modelis not assumedto bein hydrostaticequilibrium,andthevertical Coriolis force
associatedwith theequatorialSAOandQBO affectsignificantlytheverticalwindsand
temperaturevariationsevenoutsidethetropics;but theeffectson thezonalwindsarerelatively
small.
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Figure Captions

Figure 1. Multi-year average of computed zonal winds for December solstice with original GW

parameterization and eddy diffusivity but with tropospheric heat source. In contrast to the earlier

model, zonal jets are now generated near the tropopause.

Figure 2. Multi-year average of computed vertical winds (ram/s) at 4 ° latitude for models:

without tropospheric heat source (short dashed line), with heat source (long dashed line), with

tropospheric heat source and larger GW source and eddy viscosity (solid line) that apply to the
model results discussed in detail.

Figure 3. (a) Monthly average of computed zonal winds at 4 o latitude, taken from the earlier

model (Mayr et al., 1999a). The GW source is proportional to the characteristic horizontal

wavenumber taken to be k, = 1/100 (kml). (b) Same as (a) but obtained with tropospheric

heating that produces the upwelling shown in Figure 2 (long dashed line). At altitudes below 40

km where the QBO dominates strong zonal jets develop that altemate with altitude (equivalent to

a period that is virtually infinite). (c) Same as (b) but with the mean winds removed, showing the

SAO but no QBO.

Figure 4. Monthly average of computed zonal winds (time average removed) at 4 ° latitude

obtained with tropospheric heating and with factor of 2 larger GW source [k, = 1/50 (km -I) or 2o

= 300 km] and factor of 2.5 larger eddy viscosity, K, for which the prevailing vertical winds are

shown in Figure 2 (solid line).

Figure 5. Schematic, illustrating for the equator the relationship between the SAO or the

seasonal cycle and the QBO with periods of 30 and 24 mo. Solid and dashed lines indicate when

the QBO and SAO are in phase and out of phase respectively, which promotes and opposes

synchronization respectively.

Figure 6. Yearly average of zonal winds (time average removed) at 11° latitude, revealing the

QBO and its extension into the upper mesosphere. In addition to the pronounced 30-mo QBO,

which extends into the upper mesosphere, a 60-mo oscillation is also evident. The latter is the

signature of GW filtering by the QBO and concomitant modulation of the AO.

Figure 7. Fourier spectra of the zonal winds at 11° latitude obtained from a computer run

spanning 15 model years: (a) complete spectrum; (b) spectrum of hemispherically symmetric

components (including SAO and QBO); (c) spectrum of hemispherically asymmetric

components (including AO). Except for the periods 12, 6, 4, and 3 mo that are related to the

seasonal cycle, all other periods are caused by the QBO.

Figure 8. Zonal winds at 11 o latitude obtained by synthesizing the periods (Figure 7) longer than

6 too, which are caused by the QBO, its wave filtering and its non-linear interactions with the

AO and SAO. Note that the QBO in the stratosphere produces in the mesosphere at higher

altitudes an increasingly complicated pattern of interseasonal and interannual variations. The

resulting winds are much larger than those shown in Figure 6.
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Figure9. Snapshotsof thezonalwindstbr: (a) 6 mo (SAO) and (b) 30 mo (QBO) on January 1

(near solstice) during a time when the QBO and SAO are in phase at altitudes between 45 and 65

kin. The same phase relationship occurs again 6 mo later and then again 15 and 21 mo later with

opposite phase, as illustrated in Figure 5. Fhe latitudinal extent of the QBO (b) broadens with

increasing altitude, but the winds are virtually zero outside the tropics. The SAO (a), however,
does extend to high latitudes.

Figure 10. Same as Figure 9 but for the temperature variations. Unlike the zonal winds, the

temperature variations in the QBO extend with significant amplitudes to high latitudes, and in the

SAO the temperature variations are larger at high latitudes than at the equator.

Figure 11. Synthesis of QBO related temperature variations at mid latitudes, analogous to Figure

8. A complicated pattern of interseasonal and interannual variations is apparent in which the

temperature can vary by as much as 3K, much larger than the 30 mo oscillation (QBO) in Figure
10 that is at most 1K.

Figure 12. Monthly average of the hemispherically symmetric component (eliminating the AO)
of vertical winds at 4 ° latitude computed with (a) and without (b) the vertical Coriolis force.

While similar pattems are apparent overall, the differences are large.

Figure 13. Same as Figure 12 but for the computed temperature variations at 480 latitude.

Compared to Figure 12, the differences are much smaller but still significant. For the zonal

winds, however, the effect of the vertical Coriolis force is negligible.
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